DNA transcription is functionally coupled to messenger RNA (mRNA) translation in bacteria, but how this is achieved remains unclear. Here we show that RNA polymerase (RNAP) and the ribosome of Escherichia coli can form a defined transcribing and translating "expressome" complex. The cryo-electron microscopic structure of the expressome reveals continuous protection of~30 nucleotides of mRNA extending from the RNAP active center to the ribosome decoding center. The RNAP-ribosome interface includes the RNAP subunit a carboxyl-terminal domain, which is required for RNAPribosome interaction in vitro and for pronounced cell growth defects upon translation inhibition in vivo, consistent with its function in transcription-translation coupling. The expressome structure can only form during transcription elongation and explains how translation can prevent transcriptional pausing, backtracking, and termination.
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G ene expression in all organisms involves transcription and translation. During transcription, RNA polymerase (RNAP) transcribes DNA into mRNA. During translation, the ribosome uses mRNA as a template for protein synthesis. Half a century ago, it was predicted that transcription and translation are linked in prokaryotic cells (1) . Early electron microscopy (EM) showed transcribing RNAP in close proximity to ribosomes in Escherichia coli (2) . When RNAP produces mRNA containing a ribosomebinding sequence (RBS), translation can initiate and prevent transcription termination (3). Translation inhibition leads to increased RNAP pausing, showing that transcription and translation are kinetically coupled (4, 5) . Thus, a pioneering ribosome on the nascent mRNA promotes transcription and governs the overall rate of gene expression. It was suggested that NusG or related proteins form a physical bridge between RNAP and the ribosome (6), but the structural basis for transcription-translation coupling is unknown.
We assumed that transcription-translation coupling requires formation of a structurally defined, functional RNAP-ribosome complex that we call here the "expressome." To investigate whether the expressome exists, we formed a stalled transcription elongation complex (EC) from E. coli RNAP and a DNA-RNA scaffold with an RBS in the RNA 5′ region, and used this EC as a substrate for translation (see methods in supplementary materials). The ribosome translated the RNA until it encountered the stalled RNAP (Fig. 1) .
The resulting complex was purified by affinity purification and gradient centrifugation.
EM imaging of purified complexes after negative staining revealed ribosomes with an additional density on the small (30S) ribosomal subunit that corresponded in size to RNAP ( fig. S1 ). Cryo-EM images collected with a direct electron detector led to two-dimensional (2D) particle class averages and an unclassified 3D reconstruction that confirmed the additional density on ribosomes ( fig. S1 , B to D). Unsupervised local 3D classification of 104,763 ribosome particles yielded a class of 15,085 particles with the RNAP EC in a well-defined orientation, indicating that the in vitro preparation led to the formation of an expressome ( fig.  S2 ). We obtained a cryo-EM reconstruction of the E. coli expressome at a resolution of 7.6 Å [Fourier shell correlation (FSC) = 0.143, fig. S3A ].
The cryo-EM reconstruction ( fig. S3 ) enabled building of a backbone model of the expressome (Fig. 2) . Crystal structures for ribosomal subunits (7) were fitted into the electron density. The ribosome shows only local structural changes and occupies a posttranslocation state resembling state "post 2" (8). The P-site tRNA has good density ( fig. S4A ) and shows mRNA codon-anticodon interactions. The E-site tRNA shows weaker density, likely because it is partially lost during purification (9) . Density for the nascent protein is visible in the polypeptide tunnel ( fig. S4A) , showing that the ribosome was translating before cryo-EM analysis. The crystal structure of E. coli RNAP (10) was fitted automatically and unambiguously (crosscorrelation = 0.87) to the density on the 30S subunit. Downstream DNA and the DNA-RNA hybrid within RNAP were placed into densities at known locations (11) .
In the derived architectural model of the expressome, the RNA exit region of RNAP docks onto the site of entry to the ribosomal mRNAbinding channel between ribosomal proteins S3, S4, and S5 (Figs. 2B and 3A). Nascent mRNA exiting from RNAP enters straight into the ribosome, consistent with seamless mRNA protection in the expressome. The mRNA was traced through continuous electron density, which was less defined only for nucleotides at registers~12 to 18 at the interface between RNAP and the ribosome (Fig. 2C ). Around 30 nucleotides (nt) of RNA suffice to span the sites of RNA synthesis and decoding, consistent with prior results (12) . The mRNA is defined in the decoding center and until register~32 before it exits the narrow RNA tunnel in the region between ribosomal proteins S2, S7, S18, and S21.
The RNAP uses surfaces on four of its five subunits to contact the 30S subunit (Fig. 3) . The interface is formed by conserved elements of RNAP (13) and the ribosome (14) . The N-terminal domain (NTD) of the RNAP subunit a1 interacts with ribosomal proteins S3 and S10; the RNAP flap domain contacts S3, S4, and the 16S ribosomal RNA (rRNA) at helix 18; the RNAP b SI2 motif [Protein Data Bank (PDB) code 5byh, chain C, residues~944 to 1040, also known as bi9, Fig.  3B ] contacts RNA helix 33 and ribosomal protein S3; the RNAP subunit b clamp domain contacts proteins S4 and S5; and the RNAP subunit w contacts protein S2.
The RNAP-ribosome interface contained an additional electron density (Fig. 3B ) that we hypothesize belongs to the RNAP a subunit Cterminal domains (aCTDs), because all other domains were assigned. This density could accommodate aCTDs from both adjacent a subunits. Fig. 1 . Reconstitution of the expressome. Template DNA, nontemplate DNA, and mRNA carrying a ribosome-binding sequence (RBS) and a 3′-desoxy-C (dC) end were annealed to obtain a nucleic acid scaffold.The mRNA register is indicated in red, where +1 is the nucleotide addition site in RNAP, and negative numbers indicate upstream positions with respect to this site. RNAP was added to form a stalled transcription elongation complex, which was then used as a template for in vitro translation.The ribosome translated the mRNA until encountering the stalled RNAP. Expressomes were purified from the reaction mix.
Although its quality was not sufficient for modeling, this density would position the aCTDs near 16S rRNA helix 39. To investigate if the aCTDs are involved in RNAP-ribosome interaction, we tested whether isolated E. coli RNAP and ribosome particles interact in vitro. We observed formation of an RNAP-ribosome complex that was stable during sucrose-gradient centrifugation (Fig. 4A, lane 1, and fig. S5 ). We repeated the interaction assay with an RNAP variant that lacked both aCTDs (RNAPDaCTD), and ribosome-RNAP binding was essentially abolished (Fig. 4A,  lane 3) . In contrast, deletion of the RNAP region SI2 (RNAPDSI2), which forms a minor contact with the ribosome, did not reduce binding (Fig.  4A, lane 2) . Thus, the aCTD, but not SI2, is required for RNAP-ribosome interaction.
To investigate the effect of the aCTD-ribosome interaction in vivo, we expressed wild-type and DaCTD RNAPs from an arabinose-inducible plasmid in early exponential phase cells growing in minimal medium (Fig. 4B) . After arabinose induction for 40 min,~80% of cellular RNAP lacked the aCTD, but cell growth remained nearly normal ( fig. S6) . To compromise translation, we added chloramphenicol (Cm) at 0.5 to 20 mg/ml. The growth rate of cells containing DaCTD RNAP was inhibited to a lesser extent by Cm than cells containing wild-type RNAP (Fig. 4C and fig. S6 ), suggesting that disruption of the RNAP-ribosome interaction by removal of aCTD reduced the effect of translation inhibition on cell growth. At higher Cm concentrations, cell density decreased, indicating that cell death was occurring to a greater extent in wild-type cells. Greater cell viability in DaCTD RNAP cells was not due to loss of Rho termination factor inhibition. At shorter arabinose induction times, inhibiting Rho with bicyclomycin (Bcm) did not aid wild-type cells and increased the difference between wild-type and DaCTD cells. At longer times, Rho inhibition was synergistic with Cm in lowering cell density. Consistent with these findings, transcription of lacZ by DaCTD RNAP progressed further in the presence of Cm than did transcription by wild-type RNAP, as assayed by chromatin immunoprecipitation after addition of isopropyl-b-D-thiogalactopyranoside (IPTG) and Cm ( fig. S7) .
Although indirect, these in vivo results are consistent with an aCTD-mediated ribosome-RNAP interaction slowing transcription and increasing transcriptional arrest upon Cm addition. We suggest that an increase in RNAP arrest caused by interaction with inhibited ribosomes may increase replisome-RNAP collisions and thus interfere with DNA replication (15) , causing cell lethality.
The aCTDs are flexibly connected to RNAP (16) and bind to promoters and regulatory proteins during transcription initiation (17) (18) (19) (20) , suggesting that the expressome can only form after the transition from transcription initiation to elongation. Indeed, modeling shows that the RNAP initiation factors s 70 (21) , s 54 (10), and s 38 (22) cannot bind to RNAP in the expressome ( fig. S4B ). In contrast, binding of the RNAP elongation factors GreA, GreB, NusG, and RfaH to RNAP is possible after expressome formation (23) (24) (25) (fig.  S4C ). However, RNAP-bound NusG or RfaH cannot simultaneously bind the 30S protein S10 in the expressome (6, 26) because the NusG/RfaH linker is too short (Fig. 3B and fig. S4C ).
The expressome structure also explains how a translating ribosome in the wake of RNAP prevents transcriptional pausing, backtracking, and termination (4). Pausing and backtracking require RNAP to stall and reverse thread the RNA, which is prevented by a translating ribosome that binds RNAP and pulls on the exiting nascent RNA. Modeling shows that binding of the transcription termination factor NusA (27) to RNAP is not possible in the expressome because of a predicted clash with the 30S subunit, nor is NusA able to prevent ribosome-RNAP binding through its contacts to the aCTD ( fig. S5A) . Similarly, the transcription termination factor Rho cannot approach RNAP because it binds to exiting RNA that is shielded by the ribosome. The RNAP-ribosome interface also does not leave space for the formation of a terminator RNA hairpin, consistent with the ability of ribosomes to block intrinsic termination (28) .
Whereas these results indicate that the expressome can only form during transcription elongation, further modeling suggests that translation cycles can occur within the expressome (fig. S4, B  and C) . The surface of the ribosome that interacts with RNAP in the expressome is not used by known ribosome-binding factors. Factors for translation initiation, elongation, and termination, and for ribosome release and recycling, all bind near the ribosome subunit interface. RNAP binding at the observed surface is, however, predicted to be mutually exclusive with ribosome dimerization that occurs for ribosome storage (29) and possibly interferes with binding of transfermessenger RNA that functions in ribosome recycling (30) .
The structurally defined, functional expressome complex visualizes the central dogma of molecular biology within a single framework, and suggests a basis of transcription-translation coupling. The conservation of structural elements at the RNAPribosome interface may indicate that expressomes can form in all prokaryotes. Superposition of archaeal RNAP and ribosome onto our structure ( fig. S4D ) leads only to minor clashes, suggesting that archaea may contain expressomes. In contrast, superposition with eukaryotic RNAP II and ribosome leads to steric clashes ( fig. S4E ), consistent with rapid evolution of RNAP and ribosome surfaces after the separation of transcription and translation in two cellular compartments. Fig. 2A. Ribosomal proteins (rS2, rS3, rS4, rS5, rS9, rS10 , and rS14) are in different colors and labeled. The RNAP footprint on the 30S is outlined in gray and subdivided into regions contacting RNAP subunits. The dashed gray oval marks a putative aCTD contact site. The red star marks the entrance to the mRNA tunnel. (B) View of the RNAP-30S interface reveals an additional density attributed to the aCTDs (dashed oval). The aCTDs apparently contact 16S rRNA near h38 (~nt 1120) and h39 (~nt 1145) and rS9. The RNAP b-SI2 helix bundle (lower left) contacts H33 of the 16S rRNA. It is apparently mobile because the observed density does not fully cover the SI2 motif of the 5byh crystal structure. H33 moves toward RNAP relative to its location in the ribosome structure (PDB code 2avy, arrow). Relative to Fig. 2A , the view is rotated counterclockwise by 110°around the vertical axis. 3, left of marker) . RNAP wild type (wt) and RNAPDSI2 bind strongly to ribosomes; RNAPDaCTD shows strongly reduced binding, identifying the RNAP aCTD as an important binding module. In the three right lanes, loading controls show the expected molecular weights of the proteins. (B) RNAP (wild type or lacking the aCTD) was expressed from plasmids under control of the P bad promoter in minimal medium. After 40 min of expression, chloramphenicol (Cm), bicyclomycin (Bcm), or both were added to inhibit ribosomes and Rho termination factor, respectively. Ara, arabinose; AA, casamino acids. (C) Cell density versus time for cultures with or without Cm at 4 mg/ml (a.u., arbitrary units). The reduction in the effect of Cm became more pronounced with longer incubation.
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